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NOTICE

THIS DOCUMENT EHAS BEEN REPRODUCED
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IS RECOGNIZED THAT CERTAIN PORTIONS
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IN TEE INTEREST OF MAKING AVAILABLE
AS MUCH INFORMATION AS POSSIBLE.



FATIONAL ADVISORY COMMITTEZ FOR AERONAUTIOSﬂ

TECHNICAL IE LORANDUM NO. 340.

AT INTRODUCTION TO TEE ZELICOPTEZR.

87 Alexander Klemin.*
The nelicopter or direct-1ift type of aircraft has many

agceat, vortical descort, and hoveriag are beyond doubt of
roal iunteorost. In spite of nunerous flights already made with
t, it is difficult to =av at the wmoment

\

whotaer wo wve, in $ho present-cday helicopter, the first

egos 0f o valubble type of flvine nachine, or merely a forced

W

ldeo. There 1s, however, a2 vossibility of ultimste success,
lgotion should undoubtodly “e continucd till a def-
inite solution s reachod.

+t 1s the object of $his report to re?iew briefly the
wrnamic and construction dats already availsble znd o set

-

ae Cifficulties which must be net.

1. { )
(@]
3
ct
e

S
d.

10 achieve utility, the helicopter must clirb vertically
with a moderate Cegree of useful load; attain a ressonable

celiling; achisve vertical descent with cagines in action;

h

achicve sofe Jdescent - if not vertice 211y, then at lcast on a
stoep path with dead engine; have a reasonsble gpeed in hori-

zontal flight; be fairly stablc and completely controllable;

* In chorgze Daniel Gueggenheim School of Aeronautics, Wew York
Un1?0r81fy. Contributed by the Aeronautic D1v1°10n for prescn-
tation 2% the Annual Meoting, New York, Dec. 1 to 4, 1324, of
The Awmcrican 3Society of Mechanical E ﬁglﬂuuro» All p&fer - sub~
ject to revision.
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and have reasonable assurance of correct functioning of its
mechanism. In these requirements we have the outline of thc

whole subject.

Notation
D = dismeter of an airscrew, ft.
A = disk area or arca swept out by blades of an airscrew,
sq. ft.
n = T.PeSo
V = velocity, ft. per secc.
P = 0.00337 = abgolute density of standard air per cu.ft.
T = thrust of an airscrew, lb.
T, = thrust coefficient, such that T = T @ D*
Q@ = torque of an airscrew, ft.-1b.
Qe = torque coefficient, such that o = Qen°D°
P = work in ft.-1b. imparted t0 an airscrew per Sece.

P, = power coefficient, such that P = B, 1P D°

Il

Kr retio between actual 1ift secured from an alrscrew,
and theoretical 1ift on the Froude momentum theory
O . 12731‘(}3 2

Qc
R = aerodynamic resgistance in 1lb.
K = coefficient of resistance, referred to the disk area

of an airscrew, such that R = K AV®, when the disk
is perpendicular to the line of motion.

Ky, = coefficient of 1ift, referred to the disk area of an
alrscrew, such that the force perpendicular to the
line of motion L = KpAV®

Kp = coefficient of drag, referred to the disk area of an
airscrew, such that the force along the line of mo-
tion D = KpAV®. '
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i = angle of incidence to the flight oath of th: plane of
rotation of an alrscrow.

€ = angle of glide in oblique descent.

“I. Lifting Airscrews

e

Obteinirg a larze thrust/power ratio with a 1ifting ~ir-

10

¢

screw ig not the solution of the helicopter, and is in fact one
of the wvequirements most readily achieved. Without going into

the detail Cesign of thre

i._J

ifting airscrew, we shall investigate

a4

the thecretical limit of this ratio, and sce how closely it

has bcen approached in actual design.

."

anust/Power natio in a Perfect Fluid. Froudels momentunm

theory may ve readily applied for a perfect fluid, that‘is,
one in wiich the blades offer no aerodynanic resistance. The
fundamental conception ig that the air above the hovering alir-
screw starts-from rest, aﬁproaches it with a velocity V, in
a stream equal in area to that of thg circu}ar‘disk swept out
by the blades, and below the airscrew passes on with a greater
veloclity 7V, 1in a contracted stream as shown in Fig. 1. The
mass of oir cealt with bty the alrscrew ver unit of time is

T D? . . . . . \ ,
P—7" Vi, and since the final velocity is V,, the thrist

The work cone by the airscrew on the air is TV, and is equal
to the kinetic energy of the air in the contracted stream (since

there are no aerodynamic losses). Therefore, the power expended
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TTDE' : TTD? V 2

P I“E P 4 i Y2 P 4 d1 2
It follows that V = & and also that = = Z=— = —
§ ) i 3’ . - P V1 K%‘

From this we see that the thrust/power ratio increases as the
velocity of the air driven through the propeller decrcases..
Also, the zreater the diameter and disk area, the less the air

velocity and the greater the value of thrust/power.

2 9
If{ A = D ..]:.: ﬂ___D:Q-_“’.: a2 1
: v/ P et PR

and

it

I- /35 L
P " NED

a mathematical expression indicating that the thrust/power ratio
varies inversely as the square root of the thrust loading/disk

area.

Correction Factor for an Imperfect Fluid. The theoretical

value of T/P can never be attained. To determine the value
of any lifting airscrew, we must find the value of a correcting

factor K¢ such that

F e

=K /30 e

J T/A
K¢ depending on the aerodynamic characteristics of the propel-
ler.

Characteristics of Geometrically Similar Propellsers. TFor

geometrically similar propellers, Ks 1is a constant, and de-

termines fully the "efficiency" of the airscrew. It is some-
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times more convenient to use the following relationships, how-

ever:
T = Tcn2D4
Q = Qcn?D®
P = P, n®D®

where T ond T are thrust and thrust coefficlent, respecct-
ively; 9Q ond Qg, torque and torque coefficient; P and Pg,
power and power coefficient; and n, r.p.s.

It fcllows that

This relationship indicates that the tip speed (7 ND) should

g ,
be as low as possible to give a high value of T/P. For a con-

4 .
stant thrust D = T , 50 that if n 1is decreased, D

Vo Te orf o
decreases proportionately less, and the product nD decreasess
Hence 1t is advantageous to decrease n and increase D as
far as practicable, a conclusion agreeing with the Froude momen—

tum theory. »

Comparison of Different Types of Propellers. For a heli-
copter airscrew it ig desirable that for a given thrust and power,
the diameter ve as small as possible; that to keep down gear-—
reduction ratios, n Dbe as high as possible; and that to keep
down €entrifugal effeccts, n be small. These aTe somewhat con-
flicfing requirements. Also other considerations enter such as

characteristics of the airscrew in climb, descent, and forward
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flight. But in the preliminary selection of on airscrew T/P

for any given Cisk loading

b

the value of Ky 1s the rcadlcest

o

basisg of comparison.
Since experimentel results are genernlly «iven in terms of

Tg and

&£
Q

it ig convenlent to relate Xy with them. It can

e shown thatb

m 3/2 oz m 3/2
Kf - i oA = C.1373 J,C
s’z fa -
Qe ™ .\/2 e

and this relationship shows that the value of Tg/Qs is not a
sufficient criterion.

Some Ixperimentael Results. An enormoug amount of exneri-

mental work has been done on airscrews working et a fixed point,
with every kind of blade form, pitch, etc. Characteristics of
a few representative propellers are given in Table I to iadi-

)

cate what the volues of

-, l

Zr, Tg and Q. are at the present time.

Table 1 Cheracheristics of Some Lifting Propellers.
Authority [Description of Propeller Te Qe Ke

A. Fage & Four-bladed, flat under-
H.E. Col- surfece, cuords of blede
lina, sections parallel to
N. ?. L. cach other, plan form
widening toward the +ip,
angle of blade B.75 de
Pitch diamcter ratio O 49, 0.08640 GC.00500° 0.536

A. Fage & Two-bladed provneller, sim-
H.E. Col- ilar to ahove, angle of
lins, NPL. blacde 12.55 deg.

(@]

.07300 0.00536 0.517

W.F.Durand Propeller No.5, two-
& E.P.Les- bladed pitch ratio 0.9, :
ley,NACA. nmean blade width 0.8 v 0.15100 0.01105 0.680
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Table I. Characteristics of Some Lifting Pronellers (Cont.)

Authority Description of Propeiler To Qe Kr

W.F.Durand Propeller No.44, two-
& Z.P.Les- bladed pitch ratio 0.7,
ley,NACA. mean blade width 0.37. 0.18700 0.01180 0.740

It is remarkable how near to the theoretical 1ift, the
Durand & Lesley Iivopeller Woc. 44 approaches, although it was
not designed for helicopter use. In the curve of Fig. 2, for
Durand 44 and constant 100 HP., 1ift in pounds is plotted
against diameter. Disregarding the weight of the airscrew it-
self,-it 1s clear that any desired 1ift can be readily achieved
with a given horsepower, if the size of the airscrews is not
limited, and if adequate gear reluction is introduced betwecn
the high-speed engine and the airscrews, which must be slow to
be efficient.

Tandem Airscrews. o very reliable date are available for

tandem airscrews. In some of Klingenberg's experiments* a screw
of 8 m diameter gave 300 kg (440 1b.) 1ift with 34 HP.; a screw’
of 6 m diameter gave 200 kg 1ift with 42 HP.; the combination

of the two iﬁ tandem, with the smeller alrscrew placed in tae
contracted alrstream of the larger airscrew, gave a 1ift of

430 kg with only 69 HIP.
II. Clinmb

The helicopter airscrew must do more than provide 1ift; it

* WZeitschrift des Vereines deutscher Ingenieure,® 1910, p.1009.
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Tapble TI. Charecteristics of Typicel Four-Blaodced Propeller.
v - - ’ilruat in 1b.
o) o =G (H@r POTET X ﬁ\
-C. 304 j 73“0 C.00%20 1,230
-5.182 01040 0.00756 1,250
Dcsocnt ~-0.15% O-lUJO C.0075Y 1,315
-C.130 0.19070 0.20736 1,37C
-0.037 0.1075 0.00765 5830
-C. 0561 1080 0. 00759 1,340
Hovaring O J-xOlB 0.50743 1,190
+C. 082 0.0930 C. 00684 1,120
+0. 135 V.Ou%B 1a DOEBO 1,140
Climbd +C. 3569 C.0563 0.00535 940
+0.2382 00538 0.00493 955
+0.301 0.0485 0.00473 885
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If emploved on o 2000-pound helicopter, 100 EP. would be suffi-

>

cient to sustain this machine with =n= 1.33 r.p.s., D = 48.4

ft., and Q = 7150 ft.-1b. (neglecting all gear losses).
‘Supoose it ig required to secure an initial climb of 10 ft.
per sec., or <600 ft. per min. The resistunce of the rest of
the helicopter to vaertical motion mey be neglected ot this low
eﬁAed, ant the thrust then remaing constant a2t 2000 1v. No
exact mathematical solution isg »nossible, but a ready method of
calculetion is obtained by assuming volues of n greater then
1.23 - since With constant thrust and positive values of V/nD,
T, dininishes sand n ﬁu 5t increcse. When n = 1.4, V/aD =
0.147. By interpolation from Table II, (T/P) Dn = 1100 and
T/P = 16.3, so that 133 HP. is required, and a torque of 7700
fte-1o. If no wvariable-speed reduction is included in the
transmission system, this neans that the engine would have %o
deliver thac 100 EP.‘rcouﬂr > for sustentfion, throttled down
to soic extent. If the maximum horsepower emploved were about
150 #P., there would not be the Sll ghtest difficulty in meeting
this condition. Provided always thab in a heliqopte% the maxi-
mum horsenower is not designéd to give mere sustentation, there
is apparently no difficulty in securing adequate vertioal climb.
In vertical climb the helicopter has the inherent advantage
over the airplane that it hag no great acrodynamic resistance

to overcome - the power goes directly into work against gf&vity:

Ceiling. Since the 1ift or thrust in hovering flight at

Co
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s s . P
ceiling is the same as at ground level, and T = p Tg n® D7,

0 n® = a constant g

C, and n = L And since P = p 33 ns D°=
s

CS P CBD '\/p
P Pg ps/a D° = i§7;~_’ the power required to maintain hovering

flight varies inversely as the square root of the density. For
an airplane, minimum vower at same altitude likewise varies in-
versecly as the square root of the density. As a first approxi-
mation it may be assumed, therefore, that if the ratio (available
horsepower/minimum power required at ground) of the airplane is
equal to the ratio (available horsepower/minimum power required
at ground) of the helicopter, the ceilings of the two types of
aircraft will be approximately “the same, though in all probabil-

ity the helicopter will reach its ceiling far more gquickly.

Obligue Climb. It has been found in a rmumber of laborato-

ries that when an airscrew is working in a side wind, the coef-
ficient of thrust increases, while the coefficient of torque
diminishes as Compared with the torque 2nd thrust coefficients
au point fixe.

For exemple, in Durand and Lesley's experiments® on propel-

lers in yaw, the figures given in Table III obtain for propel-

ler No. b.

* "Tegts on Air Propellers in Yaw," W. F. Durand and E. P. Lesley,
National Advisory Committee for Aeronautics.
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Table III. Air Propellers in Yaw.

‘Ratio of »ower
for same thrust

v Angle of To q as at V/nD=C,
nD vaw c vaw = 90 deg.
.0 90 dop. 0.151 0.01105 1.0
G373 Q0 0 0.151 0.01050 0.9423
1.91 S0 v 0.281 0.01435 0.762
0.372 g5 ¢ 0.1611 0.011223 0.925
1.58 g5 0.3145 0.01500 0.785

It is seen that the power requirced diminishes consgiderably
in the side wind at high values of V/nD. For 85 deg. vyaw
there ig in addition the advantage of a forward cbmponcnt of
the thrust. ' The samc effects persist with larger angles of vaw.
From ecxperiments sucﬁ as these, a number of writers have con-
cluded that a helicopter could 1ift itself from the ground
with less power in a side wind and also climb better on an ob-
ligue path, with the plane of rotation at a negative anglec to
the flight path.

But Durand and Lesley specifically state that they were
not in a position to measufe the forces porpendiéular to the
axis of rotation which must inevitably arise in a side wind.
Riabouchinsky has fortunately made some tests in side winds,
with angle of‘inoidénce of the plane of rotation held at zero,
however, in which the lateral component was measured.

Some illustrative results are taken from these tests* and
given in Eabie IV for a small airscrew of 25 cm (10 in.) diai-

eter.

* Institut Aerodynamique de Koutchino, Table II.
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Table IV. Data of Test of a 10-inch Airscrew.

RV,
work re~
uired i
v ?, R, 3 over Total
oD 1 oper n, T work in Lateral ,qpme work
SEC. T+PeBo kg kg-m  Tesist- q.tepa1 T+ RV,
ance resis- kg-m
kg ance -
0 C 20.0 0.0240 0.0740 o 0 0.07400
0.726 3 16.5 0.0240 0.0840 0.00250 0.00750 0.07150
0] G 11.6 0.0081 0.01€3 0 0 -0.01620
3.020 6 7.9

0.0031. D.0122 0.00410 0.02466 0.03856

While Riabouchinsky's experiments were conducted on ineffi-
cient nropellers, nevertheless the approximate conclusion may be
drawn that less total power is reguired in a side wind.only at
small valuesvof V/nD. With large values of V/nD the lateral
fesistanoe becomee large enough to ofiset the apvarently advanta-
geous effect of the side wind. )

Granted even that a helicopter could get off the ground with
a 1ittle less power, if 1t started off with some lateral velocity,
the author seces no particﬁlax adventage in this. A helicopter
which has so little reserve power as t0 necessitate such a maneu-
ver to get off, would be uscless.

It is possible also that by making a get-away at a high lat-
eral specd, ?he diameter of the airscrews might be somewhat re-
duced because of the higher thrust coefficients. But in that
case we would be departing from the fundamental advantages of
the helicopter, and devising an inefficient equivalent of the.

alrplane.
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For much the same reasong the author sees no possibility
of securing better climb by flying on an obligue path of mod-
erate steepness. Particularly, since with the helicopter
climbing on an oblique path the parasite resistance of the
craft would ve much greater than in vertical ascent. It is
just nossible that better climb might be secured by rising on
a very steep path than by vertical ascent, but this seems con-

trary to the "instinct of mechanics.”
ITI. Vertical Descent with Dead Engine

Limit for Speed in Vertical Descent. The 1limit of spced

will be fixed by (1) physiological considerations, (2) By the
factor of safety of the helicopter structure, and (3) by the
character of the shock-sbeorbing mechanism. Damblanc* estil-
mates the possible limit as 5 m (18.4 ft.) per sec. This scems
large until it 1s considered that this corresponds to a ver-
tical fall under gravity of only a little over 4 ft. Pilots

in airplanes seem to be able to stand violent acoelerationé
with éase, and with careful design of the shock—absorbing sys-
tem it should be permissiblg to degign for a vertical velocity
of some 16 ft. per sec.

Theoretical Limits of Resistance Coefficients in Vertical

Descent. If the Newtonian hypothesis were admissible, and

particles of air striking a disk perpendicular to the wind were

* "The Problem of the Helicopter," L. Damblanc, Aeronautical
Journal, January, 13321.
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deflected at right angles to their original path, then the re-
sistance of the disk would be‘ OAV®. Hence in the equation

R = KPAV®, X would be equal to 1. This is evidently the max-
imum value which could ever be secured for XK. But the air
meeting a disk scparates and flows past it, and the resistance
coefficient has only a value of 0.56. The resistance coeffic—
ient of a parachute is approximately C.7 based on its projected
area, and the parachute approximates a hollow hemisphere, ond

evidently captures the air very effectively.

|

It scems difficult to conceive of any airscrew or windmill
exceeding or even approaching thig value of 0.7. It is useful
to examine the resigtance of a windmill - which for our pur-—
poses rey be termed an airbrake — on the basis of Froude'ls ﬁo—_
mentum theory.* In Fig. 3 the column of air is conceived as
approaching the airscrew with 2 velocity V in a stream some-
what nerrower than the disk diameter, reaching the screw with
a velocity V., recelving an instantaneous increase in pres-
sure, and Tinally resuming the initial pressure at a smaller

velocity V.. From considerations of momentun
me .
=0y (v -v,)

Assuming 3crnoulli's equation to hold from A to B, and from

B to C, the pressures.on the two sides of the airscrew disk

: ve v,° %7 7,? :
will be » + o 5o P m%_. and » + p 5 - P ; i« Hencc

el

=

— 2 2 : . 5 . .
T =20 2 (V° = V2° ). Equating the two expressions for T, it

* Theoretische Bemorkungen zur Frage des Schraubenfliegers,
Th. v. Xorman, "Zeltschrift fur Flugtechnik," December 31, 1921,

[&0)
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ig found thot V, = ——=, (also that V, - V; = ——2, 80
that decrense in velocity of the air column before it reacihcs
the airscrew -is equal to subsequent decrease). Eliminating V,
sion for T, it is found that

>; If Vv, = 0, szﬁfl{:—or K = 0.5,

K seems very small, particulariy as frictional losses arc nere

’_l-
3
o
jax
(@)
th
H.
4
w
ct
(0]
™
3
L]
o
]

neglected, znd in actual experiments this value of K has been
exceeded. Probably this is due to the fact that vhile the
column of air before the disk is considered as narrower th-n
the disgk dicmeter, in reallty an air strcam of greater diawme-
ter may be affected. Also in the Froude momentum theory the
wholes mees of air affascted is considered as passing through
the disk vhile in reality some of it may flow round the ed cs
as in the case of a flat »late. A4Also, the theory does not
take in the possibility of rotational motion being impartod
to the air. . Applications of the vortex theory will bring
theoretical and experimental values closer togethcr. The
Froude momentum theory does indicate, however, that cven
skilled design of airbrakes will not give very much higher
values of X than O.5.

Even if a coefficient of 0.6, equal to that of a flat
plate, is sccured, helicopter diameters rémain extremely largze
for reasonable terminal velocity in vertical descent. Thus
for a 300C-pound helicopter, if X = 0.6, V = 16, and

P = 0.00237, then D = 83.5 ft. diameter; or if two airscreus



#.A.C.A. Technical iiemorandum No. 340° 16

are employed, each one must héve a diameter of 58.4 ft.

Tandem airscrews are likély to be a very poor combination
for vertical descent. Tiffel* has shown that two flat plates
perpendicular to the airstreaﬁ aﬁd in tandem may have a com-
bined resistance of less than th:t of one plate (the rear ¢isk,
under the action of the suction of the forward disk may actu-
ally experience a negative resistancé), ané the same resultA
i1g likely %0 occur for a tandem airscrew brake.

In a tendem airbrake, if the lower sofcw of the combi-
nation retards the column of air efficiently, there‘is little
cnergy left to act upon the upper éirscrew. If HVé ~1s the
velocity of the air when it reaches the upper screw, its
thrust on the Froude momentum theory will be given by the ex~

) .ﬂ-DZ < \}-2 2 ’v‘sa".’- \
pression T =0 ) ( 5 yE

where V; 1is the final

velocity after passing through the second airscrew. Hence the

. TTDz ve _ ;'2
total thrust of the combination will be P -3 ( s > +

N 3
m? WF - v R .
o) 2 32 né 3 d 5 5
T ) anc can never excee p 5 or glve a

resistance coefficient greater than 0.5.

Resistance Coefficients of Normal Airscrews in Vertical
Descent. OSupporters of the helicopter have maintained that nor-
malylifting airscféws would give sufficient parachutal effect
in vertical descent without power. This is not substantiated
by experimental velues. There are three conditions to be con-
sidered: (a)‘whenvthe airscrew is held, (b)vwﬁen it is rotat-
ing as a windmill in a positive or normal direction, and (e)

when it is rotating as a windmill in a negative direction.

* "The Resistance of Air and Aviation," G. Eiffel, translated by
J. C. Hunsaker, pp. 55-60. .
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On vertical descent, an airscrow is not likely to act as a wi

mill rotating in a positive direction, unlecss 1t has a very 1

pitch, but condition (¢) is likely to be realized at certain
valucs of V/nD. Condition (¢) is illustrated in Fig. 4.

On theorctical grounds, no very large resistance cdeffie
cient can be expected from either condition ‘a) or condition
(b). - Under condition {a) we simply have the resistance to
forward motion of stationary blades, whose combined area is
only a fraction of the disk area of thé airscrew. Under con-

dition (b) we may expect better values, but unfortunately thoe

ng-

ow

air now neets the rear cdge instead of the forward cdge of the

alrfoil bplade clement.

)

.

Some experimental roesults for various conditions of work-

ing are given in Tables V, VI, and VII.

Toble V. Drag Coefficients of NHormal Fixed Airscrecws.

Dreg coeffi~
Suriace cient K
Designation of Authority  into the referred to
alrscrcw wind disk arcae
of airscrew
4-pladed no rn\1 airscrew, C.¥.H. Lock
pitch/dicimeter ratio 0.7 & H. Bateman  Uvper 0.074
M. F. L.
4-bladad cirsgrew "A,! Lock & Bate- -
blade angle BO(Wlﬂam111) man under 0. 099
2-bladed airsgrew "B, Lock & Bote- ‘
blade nngle 4 (Windwill) nan Under 0.063
~bladed airs ela~ 4 - ' 4
- 1 df+,8 crew, rela W. Largoulis Upger O.O%O%
tive pitch C.4 Under 0.05358
a-bladcd airsgerew, rela- Upper 0.0465

tive pitch 0.8 {Undor 0.0610
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These results indicate quitc clearly that the parachutal
cffeect of the fixed helicopfer airscrew in vertical descent
would be negligible in practice. The values for fixed air-
screws with the upper surface into the wind are given merely
for comparison.

Teble VI. Normal Airscrews in Vertical Descent Turning
Freely as Windmills with no Torgue:

Direction Drag coef-
) ' of rota- ficient
P e O oy fn, T reforrad
is normal disk area
a-bladed cirscrew No.1l o . e . ‘
relative pitch 0.4 > W. Hargoulils negative 0.3 0.1130
38-bladed airscrew No.2, . ... ; : =
relative pitch 0.8 * W, Margoulis negative 0.55 0.133
2-bladed airscrew No.2 r . .
relative pitch 1.2 > W. Margoulis negative 0.93 0.0167

Table VII. Thfee Margoulils Airscrews, Relative Pitch 0.4

0.8, and 1.2, in Vertical Descent as Wlndmllls,
w1th Some Torque Effect.

No.3

fo.1 Drag fo.3 Drag coe???%ient
v/ 1D coefficient V/nD coefficient V/nD referred to
disk ares -
0.3 0N.1130 0.55 0.123 0.93 0.016%
0.4 0.25860 0.60 0.131 1.C0O 0.03460
0.5 0.388 - 0.70 0.124 1.10 0.041%7
0.6 0.305 0.80 0131 1.20 0.0550
0.7 0.278 0.30 0.135 1.5 00,0565
0.8 0.2523 1.0 0.124
1.0 0.200 1.% 0.116
1.5 0.091 1.3 0S4
5 Q77

From Tables VI and VII it is clear that a2 normal airscrew,

acting as a windmill, will not exercise its maximum braking ef-
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fect when the torque is zero. Provided a torque is introducczd,
a low-»itch airscrew will devolép quite an appreciable braking
effect, approximately half that of the best drag cocfficioﬁt
obtaincd with specially designed windmill brakes. It might be
possible to do better on descent with lower pitches and special-
1y sclceted blade elemonts, but this would deoreasc lift effi-
ciency; as it is, even with the highest valuc of the drag coef-
ficient\in Table VII, a diameter of 117.5 ft. would be required
to give a speed of descent of 18 fﬁ.'per sec. for a 3000-pound
alrplane. The use of a normal airscrew without pitch varia-
tion does not seem a practical method of securing vertical de-
scent.

Drag Coefficiehts of Specially Designed Windmills.-~ Fig. 5

indicates that with a negative blade setting an airscrew in ver-
tical descent will rotate in a poéitive direction as a windmill,
with the resultant wind striking the blade at an efficient angle.
Accordingly the plan has often been suggested that the settings'
of the blades of the airscrew should be varied in vertical de-
scent, ﬁnd a number of experiments have been tried with wind-
mills s»ecially désigned to give a large drag coefficient, but
the only published results seem to be those of Lock and Bafeman:”
The experiments were made on two normal airscrews "A" of
two ané four vlades, of pitch diameter 0.3, in which the blades

could be rotated, ‘and a special windmill "B." 1In the airscrews

*‘Some Experiments on Alrscrews at Zero Torque, with Apolica-
tions to & Helicopter Descending with the Engine "off" and to
the Design of Windmills. ¢. N. H. Lock and H. Bateman.
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"A" the blade angle at 0.6 r from the centcr was taken as de-
fining thc blade angle, the normal blade ongle at this point be-
ing 9 deg. In airscrew "B," which was spocially designed as a
brake-windmill, a palr of rectangular brass airfoils mecasuring
2% inches by 15 inches were attached by a pair of short brass

gpindles to the aluminum boss, thus makinr o two-bladed airscrew

of dicmeter 3 ft., in which thc chord, secction and blade -~ngle
were constant along the blade, while the blade ongle could be
adjustod by rotating the blades. This gave a morc suitablce
type of brake-windmill than "A" when rotated, ond onc of less

pecuiiar shape. The results are summarized in Table VIII.

Teble VIII. Experiments on Airscrews.

4-Bladed Airscrew "A" at Zero Torque-

Blade Drag
Angle setting* coefficicnt
deg. Rotation  V/nD roferred to Remarks
disk area
-6 positive 0.504 0.423 -
-3 " 0.516 0. 500 -
0 " 0.557 0.550 -
+3 negntive  0.556 0.580 -
- pogitive 0.618 0.562 ——
—— negative 0.487 0.253 —
- stopped 0 0.029 -

2-Bladed Airscrew "B" at Zcro Torque.

-

-6 positive 0.2394 0.387 -
-3 i 0.283 0.572 -
-1 " 0.333 0.598 -
— " 0.332 0.597 -
- stopped 0 0.063 ——

* At 0.8 r for airscrews "AM
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Table VIII. Experiments on Airscrews (Cont.)

2-Bladed Airscrew "A;" with Braking.

3lade Drag
Angle setting* ‘ coefficient
icg. Rotation  V/nD referred to Remarks
disk areca
-6 Positive  0.406 0.338 Zero torque
- " 0.450 0.343 Braking
—— " 0.487 0.343 Braking
0 " 0.409 0.537 Zero torgue

—— " 0.433 0.536 Braking
— " 0.508 0.431 Braking
—= Negative  0.407 0.540 Zero torque

¥At 0.6 r for agirscrews M"ALM

From these results it is evident that a two-bladed airscrew
will answer quite as wcll as a four-bladed airscrew as far as
drag coefficient in vertical descent is concerncd. There is
evidently no difficulty in sccuring a drag coefficient nearly
that of a circular disk, namely, 0.6. Further, a drag coeffi-
cilent of nearly this value can actually be secured with a small
positive Setting for the blade angles or very low pitch - in
agreement with the Margoulis tests.

An important difference between these windmill tests and
those of Margoulis on normal airscrews in vertical descent lics
in the variation of drag with torque. For normal airscrews ro-
tating in a negative direction on vertical descent, it appears
to be necessary to introduce a braking torque on the airscrew
shaft to secure high values of drag coefficient. For these:

windmills the drag coefficient seems to be almost independent
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of the braking torque - an important practical point, since 1t
might thus be unneccssary to disconnect the dead engine when
changing the angle of incidence.

The fact that ¥ only varies slightly with the number of
blades is in agreement with unpublished resvlts of experiments
in which & multiple-blade windmill was tried out.

.-

Uanipulation of the Airscrew to Decrease Rate of Vertical

Descent. It has been suggested by a number of writers that by
a process analogous to the flattening out of an airplane after
a glide, the angle of the airscrew blade might also be manipu~-
lated on landing. On the descent, the blades would be rotated
to a swall negative angle with the plane of rotation so as %o
secure the maximum drag coefficient. Shortly before landing
the pilot would place the blades at a positive angle to the
plane of rotation, when the inertia of the airscrew would main-
tain rotation, and it would behave again as a lifting screw.
This seems to be a very practical and promising suggestion, and
if lifting airscrews are indeed provided with a variable-pitch
mechanism, there is no reason why this maneuver should not be
resortcd to; if practical, the diameter of the airscrew could
" be cut down.

When an airplane engine stalls at get-away near the ground,
the pilot may have but little time to bring his machine to a
gliding attitude. If the helicopter engine stalls near the

ground, the difficulty will be equally great. Reliable and very
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ropid control of the variable-pitch mechanism will be required.
Clutches may also be necessary? so0 that the enzine may bc in-
stantaneously disconnected when the airscrew is converted into
a windmill, and gero torque is required to securc the greaiost
drag boofficient.

*

IV. Oblique Descent with Dead Engine

O

Since even with a specilallv designed brake-windmill only
a drag coefficient of 0.8 is attainable, and large diamcters
are nccessary in vertical descent, it is natural to exewinc
the possibility of obligue descent, with the plane of rotation
of the airscrew inclined to the flight path like the wing of
an alrplanc on a glide, and the airscrew cither fixed or votat-

ing 1ikc o windmill in & side wind.

Oblique Descent with Fixed Airscrews. Margoulis expori-
mented with the previously mentioned cirscrew of pitch-dinncter
ratio 0.2. The airscrews were nlaced with the plane of rotation
at 0, 15, 30, 80 and 90 decgrees incidence to the flight path.
The COeffioiehts of 1ift and drag referred to the total Qisk
area of thc propcller were ag given in Table IX. Since tinc
forces on the airscrew vary with the exact position in which
the cirscrew is held, the valuoé in Tcble IX arc mean valucs of

thrcoe different positions.
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Teble IX. Margoulis' Alrscrew Experiments.
Incidence in deg. 0 15 30 60 90
KL roferrecd to _ _
disk arca 0.00075 0.0306 0.02337 0.00134 0.0
Kp roeferred to
‘disk orea 0.02580 0.0330 0.0433 0.05860 0.0610
L/D 0.039 0.635 0.55 0.226 0.0

With such values the glide paths

stecp;

and as & matter of fact,

would alv-ys be excoedingly

the lowest vertical component
= .

of velocity would be slightly greater than on direct vertical

descent at 90 deg. incidence with alrscrew fixed.

These unfavorable results might well have been cxpected; o

fixed airscrew on a glide with its broken-up and unsymmetrically
disposed surfaces could not possibly be as efficient as an or-
dinary wing surface of equal area. Also t0 seck improvemont
by roversing one of the bladecs on the glide would be futile.

Obligue Descent with Alrscrew Rotating as a Windmill. With

the samc airscrew of pitch-diameter ratio 0.8, Margoulls ecxperi-

mented with the airscrew rotating as o

scent. In vertical descent V N/ﬁ“ ﬁD

scent thc vertlcal component of ve1001ty is glven by the formula

v/g%}//cos OKiin? g A/“"— and. /*bs 9K31ﬁ € are accordingly

calculated in Teble X.

windmill in obligquce de-~

in obliquc de~-

Equilibrium, of course, is possible only where the torque

is negative, so that a glide is not possible at either O or 15

deg. It is quite c¢lear from Table X that the glide path in ob-

lique descent would always be very steep with the airscrew in
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questlon, and that the least vertical velocity would be secured

in vertical descent.

It would seem from this that a descent on

a gliding path With a normal alrscrew would not be prOmising;

It is therefore necessary to investigate oblique descent with a

¥ariadble pitch airscrew.

Obligue Descent with a

Windmill Typne of Airscrew.

No ex-—

periments are avallable for a windwill on oblique descent ex—

cept those for La Cilerva's Autogiro.¥*

Table X
? 1Anglel Torqgue
Angle of ! | of | (when posi-
incidence 1gllde, 1 ~ tive power
Kp Xy, 6 | Xp must be
V/nD | deg. | supplied
! 1 by the
’ ! engine)
(1 0.1%10 | O 90.0 J/7.63 negative
| 2 0.0645 | O 20.01 ,/15.5 _ "
90 deg. |3 0.0800 | O €0.0! ./I6.6 ... "
|4 0.0380 | 0 90.0! /IE.15 f
! | —
| |/ cosbsirg
WTR
| | AL
1 0.11 0.0274 | 76.3| _ negative
80 dog. | 2 0.0595 | 0.0346 | 87.6 f“b, ' I
3 0.0530 | 0.0218 | 87.5! ,/14.9 "
4 0.0310 | 0.0192 | 73.8 N/14 3 "
1 0.0760 |~0.0486 — positive
i 1
|3 0.0452 | 0.0 . — | 22.1 :,/--> "
30 deg. ¢ ( ~ KD
3 0.0425 | 0.0152 | 70.4] 19.55 negative
4 0.0447 | 0.0216 | 84.1| 16.7 "

*Essals aerodynamiques dlun modele d*autog1ro‘ J. De
L"Aeronautique,

April, 1934.

La Cierva,
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Table X (Cont.)

1 T

Angle : Angle i Torque
of i : ¢y of ’ (when posi-
incidence V/nD © glide, ’ tive power
J— mist e
3 Kp Ky - ldeg. ,c0868in? € | gupplied
' ~ ’ A/ KL by the on-
' gine
1 0.0430 | -0.110 | -~ positive
2 C.0318 | -0.0352 | -- - u
15 deg. 1 3 0.0304 | -0.00238 | -~ - "
4 0.0338 | +0.00925 | 74.6 36.6 t
5 0.0330 | +0.0169 | 63.9 21.6 "
1
Kp
1 0.0274 | -0.153 ‘—— | positive
2 0.0218 | -0.0374 — 2
0 deg. ! 3 0.0218 | -0.0153 ‘ —— "
4 0.0256/ | —-0.00595 - "
5 0.0254 0.0 39.6 "
i

A model of this, a four-bladed airscrew, GBttingen 4239, in sec-
tion for blade elements, with each blade at 3 deg. to the plane
of rotation, diameter of airscrew 1.1 m (43.3 in.), width of
blades 8 cm (3.15 in.), was tested with the plane of rotation
at various angles of incidence to the forward wind, and the
screw mounted freely in its bearings. The peculiarity of La
Cierva's device is that each blade is flexibly connected to the.
axig of rotation, as shown in Fig. 6. Therefore, although but
one airscrew is used, and the blade going into the wind meets a
greater air velocity and experiences more 1ift, no banking ef-
fects are apparenfl& produced in straight flight, the resuitant

force of each blade always passging through one point. The blade

&
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turning into the relative wind rises, however, until the ccatrif-
ugal force, the weight of the blade, and the 1ift are all in
equilibrium. The biadcs remain at tho same angle of incidence
to the vlane of rotation during the peculiar feathering motion
of the airvscrew, but no doubt the risging of a blade tends to
decrease its effective angle of incidence, and reduces the
variation in 1ift. It is unfortunately impossible, in the scoie
of thig report, to analyze the peculiar action of the blade and
the vearying aerodynamnic conditions at ecach point on the path

of rotation.

ven the action of an ordinary windmill, moving in a hori-
zontal ~ind vith its axis inclined to the vath, is difficulst

to analyze, 28 indicated by the cdlagram of Fig. 7. Unlikec a
windmill rotating with its axis parallel to the line of motion,
the windmill with its axis obligue o0 the motion may have its
blades at one voint of the circle tending to rotate in a posi-
tive ¢direction, and at aunother point tending to rotate in a
negative cirection. If the torques on the windmill balance as
a whole, so that the resultant torque is zero, the L/D of the
whole windmill considered ag a 1lifting surface will depend on
the inclin&tionsvfo the perpendicular to the flight path of the

forces "R in the diagrams of Fig. 7. It is conceivable that

4
i

if the axis o ctation of the windmill is only at a slight
inclination to the flight path, and the inclinations of R to

“the pervendicular to the flight path are alternately positive
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and ncgative, that a very high L/D for the whole disk surface
might result - conceivably a higher L/D +than that of a single
blade clement. The peculizr feouthering action of the Autogiro
may assist in securing this high L/D. Therefore it would be
dangerous to digmiss &s cntirely impossible the surprising re-

sults obtained by La Clerva in the wind tunnel and given in

Table XI.
Tavle 2I. Wind Tunnel Tegtg of La Giprva’s %utogiro.
Angle of KL, Kp | x
incidence Glide
of »nlane of referred referred angl p
rotation to to entire!l to entire 3. . J/ cos@ sin® 6
flight path | L/D |disk area| disk area | deg. | Ky,
GCg. - .
0 19.23% 0.0%86 | 0.00202 | 3 J0.069 -
) 27.78 0.0400 0.00144 2.05 J0.0296
2 20.00 0.0433 0.00216 | 3.8 V0055
4 10.00 0.0535 0.00535 | 5.7 J O 181
8 6.06 0.0700 0.01150 9.4 J0.372
10 3.92 0.1130 0. 02900 14.3 J0:534
16 2.77 0.2030 0.07400 20.1 V0. 546
33 2.11 0.5500 0.36200 25.5 V07308
26 1.85 C.7150 0.387C0 28.4 J/ C.282
30 1.63 0.8050 0.49500 31.5 v D.244
34 1.53 | 1.1300 0.73800 3%.3 J/0.222

These figures indicate extraordinary possibilities for ob-
ligue descent with a skilfully designed windmill. Thus if the
weight of the airplang is 3000 pounds, thc angle of incidence
2 deg., the glide angle 2.8 deg., aad the vertical component

of velocity 16 ft. per sec., then from the formula

V (vertical) = /gf_& /coseKsinze ,
A/ T L
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we find thot o windmill diameter of only 15.2 ft. would be re-
quired. If thc «tcopest possible path were used, and the angle
of incidence on the glide were 34 deg., a diameter of only 30.6'
ft. would be required, and we would then have an airplane vhich
could land in a horizontal attitude on the worst and smallost
terrain, ond come to rest almost immédiatelyi

O0f course, very g%e&t difficulties may be encountered in
converting a normal lifting airscrew into a windmill by mochan-
lcal methods. The best plan form and blade-angle setting
for the lifting airscrew night be far from the best for the
windmill. The production of a compromise design 711l necd very

thorough aerodynamic reseacrch.
V. Forward Speed and Efficiency in Horizontal Flight

It has been shown by several investigators that for a given
torque and R.P.M., the thrust along the airscrew axis‘inoreases
with forward speed. From this it has been argued that a heli-
copter would “e extremely efficient in forward speed: This is
based on faulty snalysis. The best method of approaching the
problem is again to treat the airscrew as a lifting surface,
and to consider work done in ovércoming forward resistance, as
well as the work done in imparting thrust to the airscrew.

Durand and Lesley's Experiments* at Zero Incidence for

Plane of Rotation. A large number of propellers were tested oy

* Tests on Air Provellers in Yaw, W. F. Durand and E. P. Lesley,

National Advisory Cormittce for Aeronautics, Technical Revort
No. 113.
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these investigators, with the axis of rotation at 90, 85, 20,

70, and 60 deog. to the relative wind, with the axis inclined,

in all but the firsi: case, in such a manner as to produce for-

ward thrust coefficients along the axis, and torque coeffici-

ents were Obtained; no allowance was made for lateral resistance.
It is convenient to introduce here an expression L/D, for

the 1lift/érag ratio of an airscrew working in a side wind.

Where lateral resistance is necglected,

L _ T
v
and since T = T, n® D* and Q = Qe 1? D°,
LT V__ To U
Dy Qe 2mnD ~ 27 Qe D

As a general rule it was found that the ratio To/Qe in-
creased congiderebly in going from small values of V/nD  to
the larzest employed in the tests; for some propellers this
ratio was more than doubled. Heglecting lateral resistance,
the value of L/Da would increase greatly with increasing
valucs of V/nD. But it is impossible to imagine that T./Qc
would increese indefinitely with V/nD, and there are practicali
limitations to the value of V/nD in an actual helicopter.

For our purpose, which is merely to approximate to values of

forward officicncy on a basis of ingufficient cxperimental data,

it is sufficient to consider L/D, for a few propellers at the
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highcst V/nD  tested.(sce Table XII). Propellers of low pitch/
diameter ratio scem to come off better, but the L/D,  values

are poor cven when the lateral resistance is neglected.

Toble XII. Tests by Durand and Lesley on Propellers
at 90 dez. Yaw or O aeg Incicdence for
Plane of Rotation.

Pitch  Highest

diameter  V/nD T Q L/D (L/Dg.)

Propeller ratio tested © ¢ V/nD
5 0.7 1.190 0.2610 0.01945 4.07 3.13

9 0.5 1.301 0.1842 0.00779 4.90 3.76

139 0.3 0.433 0.0936 0.00348 1.83 4.30
146 0.3 1.333 0.1540 0.00455 7.15 5.38

Relf's Experiments at Zero Incidence.* These experiments

Were likewise at 90 deg. yaw, or O deg. incidence for the plane
of rgkat%on, with a two-bladed 2-ft.-diameter propeller of 2 ft.
pitch. Lateral resistance was not taken into account. Two rep—

resentative results are given in Table XIII.

Table XIII. Relf's Experlmentq at O de incidence.
Wind speed , Thrust T - L T XV
ft. pgr sec. R.P.M. V/nD 1b. Horsepower D ~ HP. x 550
20 750 0.8 1.0 0.032 1.13
40 760 1.6 1.82 0.036 345

Riabouchinsky's Experiments** gt Zero Incidence. Riabou~

chingky &Xperimented with a smell airscrew of only 35 cm (10 in.)

diameter, end a pitch/diameter ratio of 0.75, at O dez. inci-

% Test of a Propeller with ite Axis of Rotation at Right Angles
to the Wind Direction, E. F. Relf, R&l 265.
e %k

Bulletin dec 1'Institut Aerodynamique de Koutchino, Now 2,
D. Riabouchinsgky. :
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dence for the plane of rotatldﬁ anG wind sncoés of 3, 4, 5 and
& m per secc. (9.85 - 18.7 ft. per scc.). In his ecxperiments
laterol resistance was token into account. The results are
given in tho originel units in Table XIV.

:

Table xIV. Rluooucblns y s Bxperiments ot O deg. Incidonce.

/e
Tork L/D, toking
mat into neglect- loteral
. eirscrew Loteral ing rosilet-
¥Winc speed Thrust =haft UUlstw lotercl 2NCS
mM Per Sec. T.P.S. ko kg-nm ance resist- into
' per sec. e anes secount
mar
v ¥ v/md T R i S
3 8.6 1.32 0.0076 0.0112 0.00140 2 03 1.49
6 17.5 1.37 0.0307 0.08468 0.00&63 2.18 1.48
6 7.9 3.20 0.0132 0.0139 0.00411 3.44 1.36

Thesc results do not seem very promising for the efficiency
of a helicopter vhen operating with planc rotation at zero an-
gle of incidence, but they were not obt alned from modern propel-
lers. Riabouchinsky's cxveriments arc interesting in showing
the considerable value of the lateral resistance, particularly
at high values of V/nD. They put us on guard against expcct-
ing high efficiencies in forward flight with the axis of rota-
tion inclined so as 10 produce a component of thrust in the
direction of flight.

Horizontal Flight with Plane of Botation Inclined at a

Negative Angle to thé Flight Path. From the experiments just

‘described, it would appear that only low éfficiency can be se-
\
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cured in horizontal flight with the plane of rotation parallel
to the Tlight path. If the propeliler is working in vaw other
than 90 deg., and the forward component of the thrust and the
lateral recigtance are both neglected, the expression for L/Dg
becomes (where v = argle of yaw) 3§;§%%3 gf i We ghall ex-
amine the value of this expression for the propeller 146 in

DurancC and Lesley's experiments (sec Table XV).

Table XV.

Y L/Dg =
Angle Highest Te s8inyY V
of yaw, V/rD Q. 2m 10D

des. ces?Y tested Te Qe ¢

90 1.0 1.233 0.1540 0.00455 7.15

85 G.0903 1.201 041240 0.00539 4,40

80 0.9848 1.2067 0.097%7 -0.00436 3.90

70 C,0397 1.263 0.0339 0.00402 1.59

60 0.8860 0.959 0.00685  0.00373 3.34

If the forward componcnt of the thurst is taken into ac~

count, the expression for L/D, becomes

(T, sinY) V _
Qc 37 mD - T, cosY V Qo «T

values of which are given in Table XVI.
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Table XVI.'

T. sin

Angle Highest —=0 2L = 1/p,
of vyaw V/nD =C 2 -~ Ts cosY
deg. testeod V/uD

90 1.333 7.15

85 1.201 7.43

80 1.267 12.50

70 1.263 3.88

The expression L/Da can be brought into definite compari-

son with L/DW, which will be used to denote the L/D of an
‘airplane vwing.
Thus for an airplane we can write, if h‘ is the efficilency

of the propeller and R, the parasite resistance,

Wv WV
T o= - T a / [ A 0. S
Pn "'L‘;T‘“"'DW + Rp Y nd 1 / DW PN - R‘p v
For the helicopter we can write
W - WV
P=s-————%V + R, Vand L/D, = ———
(1/Dg) P /D P -Ry ¥

For the same power P and weight W, in order to have

s . . P~ Ra7
the same velocities for airplane and hellcopter,<;l—wf—p“} L/ Dy
. V4

must equal (£~ﬁrﬁy> L/Da, or L/Dy = L/Dy {1 - (g—f~§1% }- In
N .Lp

other words, L/Ds ocan be less than L/Dy 10 secure the sane
effect.

We can now get an idea of the probable effectiveness of
the airscrew in forward flight.

There areetwo extrewe cases: (1) where the lateral resist-

L]
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~ance of the airscrew brlances its forward component; and (2)
where the forward component is undiminished by lateral resist-

ler such as the Durand 146, we can by in-

‘_.[

ance. With a prove
clining the aixscrewvéecure an L/Da oertainly_not less than
4.40, never much greater than 13.50. Certalnly an L/Da of
vetweseon 8 and 2 can be. exdected.

It mev also be safely concluded tha@ nigher efficiency
would te secured in forward flight by using an inclined air-
screw than by the use of na aguxiliary vropeller: At least the
cxperimeatel valucs of L/Dg, neglceting lateral resistance,
are much higher in tinc former cnse  Compare 12.5 at 80 deg.
vaw in’Table XVI with 7.15 at 90 deg. yaw in Table XII. Also.
for the helicopter with the inclined acirscrew producing for-
wgrd thrust there is a decided advantage in the fact that

r - o
L/Dy = L/Dy ‘[1 ~ fﬁf*ﬁf}i\f}

-t

With an auxiliary propeller there would be efficiency losscs of
the usual type in tiae suxiliary propeller iteelf; and this ad-
vantage would disepoesr. Granted that an inclined airscrew is
ugsed, that the nerasite resistance can be kept down, and taat
the diameter of the 2irscrew coan be kept wiﬁhin reasonable ¢i-
mensions, by windwill action on oblique dsscent, so as to have
high veluzg of ¥/nD, there is no reason to doubt that fair
spesds coulé be secured with a helicopter satisfactory in

other resvects.
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For eﬁample, if it were possible to build a helicopter
weizhing 23500 1b., with 300 HP., and an equivalent parasite re-
sistance of 15 gq.ft. (more than that of the DH4 airplane),

and to have L/Dy = 8, solution of the equation

3

WY 2500 V
/D, = —2 _ or 8 = :
, /Da, P-RpV * (200 x 55C) - 0.0450 V3

would give approximately a speed of 115 ft. per sec. or 78.5
I‘-EIP. Hn

Estimateg of Efficiency by Margoulis and Case. Margoulig!

views on airscrews, with no motive power supplied to the shaft
from an external source, are vased on careful experiments. His‘
estimates for L/D for power-driven airscrews are based on a
seriecs of unsatisfactory approximations and interpolations from
the results of various laboratorics. He fin&~maximumk L/D to

be only 1.7, with Y

©0 deg., but this need not be seriougly
regarded. Case* has designed a number of propellers on the
simple blade-elcment theory and calculated their efficiency,
for an augle of 10 deg. between the flight path and the vlane
of rotation. With a four-bladed screw of pitoh/diameter ratio
0.3, V/aD = 30, D= 40 ft., n = 1.46 r.p.s., he found an
effective L/Da of 8.7. By making the effective angle of inci-
dence 5 deg. along the blade, when meeting the forward wind an
L/Da of approx@mately 3 1s deducible from Lir. Case's calcula-

tions.

* Hellcopters, John Case, Aeronautical Journal, Cctober, 1223.
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It is doubtful whether for the complicated and varying con-
ditions under which the helicopter airscrews must work when in-
clined to the side wind, calculations based cn the simple blade-
element thecry will give accurate results. But st1ll these
careful calculations cre vleasingly in agreement with hypotheses
based on experinmental values:

The elementary blade-element conditions for various points
in the revolution of the nirscrew are very complicated. The
design cf an airscrew, to give the best results, would evidently
be a difficult propositions It is doubtful if the inclined
helicopter airscrew can be made as efficient as the combination
of propulsive screw and 1ifting wing of the airplane, but it
must be considered that in the inclined-screw helicopter thete
is only oue transformation of energy; in the aifpianevthere arc

two such transformations.
VI. Stability and Control

Stability in Vertical Movement and Vertical Winds. This

first problem in the gtability of the helicopter involving sta-
bility in vertical movement and vertical winds, has been well
treated bv Fage.* In Fig. 8 are shown typical propeller charac-
teristic curves plotted ageinst V/nD. From this it follows

that if a down ouet hits a hovering helicopter, it will be in

* Some Experiments on Heliceopters, A. Fage and H. E. (Ccllins,
Britieh Advisory Coagittes for Aeronautics, R&M 331; Airscrews
in Tneory end Experiment, A. Fage.
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the region of .positive V/mD, and while the engine will speed
up a 1little as Q, diminishes, T, will diminish more rapidly,
the thrust will decrease, and the machine will dcscend. If the
down gust ceases, the helicopter will work in a region of ncga-
tive V/nD and the thrust will increase accordingly, equilib-
rium being rapidly restored. If an up gust strikes the heli-
copter, its airscrew wiil be working in a region of ncgative
V/nD, and the thrust will increase accordingly. If the up
gust is very violent, however, so that the negative V/nD is
numerically large, the thrust cocfficienf will decreage and the
machine may crop. (This is not unlike the tehavior of an alr-
plane in vertical gusts.) Also, if for some reason, the heli-
copter should descend rapidly, it may reach the condition of
large negative V/nD and drop with increasing velocity. Evi-
dently the pilot will have to watch his throttle very careiully
in vertical meneuvers. But with an engine responding readily
to the throttle or a variable-opitch propeller, nothing serious
need ve feared.

Dihedrals in the Eelicopter. Karman

(Figs. 16 and 17) has
ghown tha+t a helicopter with two screws rotating in opposite
directions and placed above the center of gravity is 1ikely to
be unstable, whether the screws are coaxial or side by side. V
But.an airplane wing of itself 1s not stable, and it does not

seem fair to demend that a helicopter should be stable without

* T0c. cit.
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some épecial arrangement of the airscrews. It seems possible
to secure stability either 1oﬁgitudinally or 1atefaliy by the
use of dihedral angles between the planes of rotation of two
airscrewse If the helicopter is slightly tilted for some
reagon or another, the resulfant of the two thrusts will no
longer be vertical: there will be a side'component in fhe di-
rection of the tilt and a 1aéera1 movement in that direction.
But Duranr and Legley* have shown that when airscrews are
placed with their planes of rotation oblique fo‘the wind, the
coefficient of thrust béoomes smallér than the coefficient of
thrust when the plane of rotation was parallel to the wind.
The inclined screw has its pléne of rotation inclined to the
;ateral motion, and therefore has less thrust. A4 righting wo-
ment is introduced thereby. Dr. De Bothezat, in bullding his
helicopter, had four 1lifting screws disposed with a longitudi-
nal and lateral dihedral, and evidentlf had this property in
mind. From unofficial reports it is clear that his machine
was stable.

It might be possible to secure bothylateral and 10ngitudi4’
nal dihedrals by the use of only three lifting screws suitably
arranged.

If two coaxial screws are used, it might be possibie to
secure the necessary'dihedréls By the use of a th;zd 0r auxil-—
iary airscrew. Whether a dihedral offect in a‘single airscrew

can be secured by placing the blades at an upward cngle to the

* National Advisory Committee for Aeronautics, Report 113.
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axis of rotation, is an open question.

-Demping in the Helicopter. Dihedrals in the helicopter,

just as in the airplane, give static righting moments, but damp-
ing will also be present, even if no dihedral is embodied in

the design. If a helicopter is rolling in such fashion that

one airscrew rises, it can be scen from the curves of Figz. 8§
that its thrust diminishes; simultaneously the thrust of the
other airscrew will increase. There should be, therefore, damp-
ing in either roll or pitch for both three-screw and two-gcrew
helicopters. it 1s a question, however, whether a two-scrow
coaxial helicopter would provide damping.

Fins t0o Give Eguivalent of the Dihedral. Since it is ad-

visable to keep the number of 1ifting screws down to a minimum,
the possibility of using fins immediately suggests itself. In
rapid forward’flight the use of fins should be effective; if
two coaxial screws are emplOyed, one vertical fin placed high
above the center of gravity, with its plane parallel fd the line
of flight, would be an effective substitute for the lateral di-
hedral. A stabilizer placed at a negative dihedral to the
plane of rotation of the 1ifting scrows migﬁt be an equally good
substitute for the longitudinal dihedral. These auxiliary sur-
faces in repid forward flight would not have to be of unduly
large proportions.

But in hovering flight and vertical ascent or descent such

auxiliary surfaces would be almost useless. For instance, 1if
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we imagine the coaxial screw helicopter in vertical ascent, with
a2 horizontally disposed stabilizer, to pitch slightly, the hori-
zontal stabilizer would be scarcely affected by the slight
pitch. "Similar considerations would apply in regard to vertical
fins uscd as a substitute for lateral dihedrel. In vertical
ascent or dcscent the problem is somewhat easier than for hov-
ering, but even if placed in the slipstream the auxiliary sur-
faces would have 1o be enormous to be effective. In all prob-
ability, if dihedrals betwsen the 1lifting screws are not pres-
ent, reliance will bé placed on skilled actuation of the con-
trols.

Directional Stability. So-called "directional stability,”

more properly "weathercock stability" has to te oonsideréd for
the helicopter just as for the airplane. In the &irplane weath-
ercock stability is readily secured by a preponderance of fin
area aft of the center of gravity. Proppllers, whether propul-
.sive or alrplane propellers or lifting airscrews, may be con-
gidered as fins. In rapid forward flight the fin action of the
propellers, whether two or four lifting screws were used, would
be concentrated approximately at the center of gravity, and
comparatively 1little power would be required of g vertically
disposed fin to obtain "weathercock stability." In hovering
and vertical ascent or degcent it would act far less oowcrfully,
and rellance Would probably have to be placed on auxiliary

steering propellers, and manual control.
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Stability a Subject for Rescarch. The above treatment.of

stability is obviously superficial. t seems to the author
that nrior to the builaing of full-gized helicopters a great
deal of theoretical analysis and wind-tunnel experimentation
should be underteken as regards stability. It seems ridiculous
to expose helicopter pilots to great hazards in their first
painful efforts, when with some patient wind-tunnel work a ma-
chine fairly stable under all conditions might readily be
evolved.

Control. The question of helicopter control is one decided
by practical rather than theoretical considerations. There
seems no reason, however, why complete control under all cir-
cumstances should not be more readily secured than stability.
For rapid forward flight the requirements are not unlike those
of an airplane, and systems of control readily suggest them-
sélVes‘ For the ailerons can be substituted variation in pitch
of the 1ifting airscrews on either side of the longitudinal
axis, or else movable fins or plates placed in the slipstrean
of the propellers. In forward flight a vertical tail rudder
would be just as effective as on the airplane. So would an
clevator.

In hovering or vertical flight an auxiliary elevator air-
screw with variable or even revergible pitch would szem to be
necessary, as also a sfeering airscrew - or steering alrscrews.

‘The question of control would s:em to offer wide scope for
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inventiveness and mechanical skill. Perfectly realizable, heli-
copter control is always likely to be more complicated and lcss
certain than that of an airplanc. A duplicate system of con-
trols - one for forward flight, one for hovering - might con-
ceivably be necessary. Descriptions of machines which follow

illustrate a number of practical forms of control.
VII. gSome Modern Helicopters

Berliner Helicopter. An early form of the Berliner heli-

copter was described in Mechanical Engineering for September,
19228. It was of the simplest possible form, With a 300 HP.
engine driving two moderate-sized 1lifting airscrews on either
side of the fuselage. Latéral control was secured by the use
of three movable fins under each of the propellers; and longi-
tudinal control by a small variable-pitch propeller at the
rear of the fuselage. A horizontal stabilizer and elevators
and rudder identical with those of an airplane were prbvided.
Successful short flights were achieved.

Quite obviously, Berliner was not satisfied with the safety
of his craft in case of engine failure; and in his next design
sought to provide the ability to glide by embodying wing sur-
faces in the gtructure. It now became a helicopter-airplane.
Outline drawings and photographs of this machine are shown

in Fig. 9.*

* Notizario di Aeronautica, No. 5, May, '1924. Elicotero Ber-
liner Modificato
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The Berliner helicopter is now provided with a convention-
ally trussed triplane wing surface ond two 1lifting propellers,
which latter olso provide forward thrust on inclination of the
entire craft. The transmission system ig carefully enclosed
within the wing surfacecs and the'interpiane struts.

The system of control is complete. A glight warping of the
wings can be produced by a special control, whereby the axis of
the 1ifting propellers can be inclined at different angles to
the 1line of flight on either side of the machine; so that a
turning couple can be obtained. With the 1lifting propellcrs in
motion, the pilot regulates?a'variable—pitch propeller placed
at the tail end of the machine, so as to ralse the tail from
the ground. Under the action of the lifting propeller the
helicopter leaves the ground. The rear propeller permits the
further inclination of the axis of the 1lifting propeller until
a forward component of thé thrust is obtained, with resulting
forward speed. Lateral equilibrium is maintained by a systom
of movable fins placed below the disk area of the propellers.
It can be scen that the system of control is fully operative
whethef‘in forward flight or hovering flight or vertical move-
ment.

If the 1lifting propellers become inoperative, either owing
to damage or engine failure, the machine becomes a glider. On
the glide, wind-tunnel experiments seem to indicate a Dest L/D

--of only 4. On the glide, warping of the wings takes care of
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lateral control; an ordinary rudder and elevator act in the us-
ual manner.

The 2ro0

mn

s weight of thc machine with pilot and fucl for a

U

twenty-minute flight is about 1950 1b. The engine 1s a Bentley
Rotary lodel 2, zir-cooled, providing 230 HP. at 1300 R.P.1L
The 1iftimg provellers turn at about 560 R.-P.X. and have a di-
ameter of 15 ft. The épan of the winge is 38 ft. and the chord
is approximctely 1 ft. 11 in. The overall length is 30 ft. 6 in.
and overall height cbout © £t. 5 in.

According to reports of the Italian Air Attaché in Washing-
ton, the machine makes ouly a foir getaway. The maneuverabil-
ity seceans satisfaotoiy, and tne circraft responds well to the
controls. In a moderate but irrcgular wind tane osclllations
appeared important. The Berliner helicopter is still in an
experimental form, but it has definitely achieved vertical
flight, and complcte frecedom of evolution. Ite ability %o
glide is én important factor os regards safety. The maximum
duration of flight achieved so far appears to be 1 min. 35 sec.,

and the highest altitude rcached, 15 ft.

Pescora Helicopter. This is shown in Fig. 10. It has

made some excellent flicshts. The apparatus carries two six-—

bladed binlane airscrews of 21 ft. diancter. The engine is a

e

120 HP. Le Rhorne. liancuvering is effected by modifying the in-

o
(o8

cidence of the blades ot any one point in their revolution.

No very reliable technical information is availlable. The con-
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trol seems very incomplcte, and Pescara himself has complained
of this.

‘ It is very interecsting to rcad in a recent report of the
French Section Technique dt'Acronautique, that this competcnt
body places most reliance on the heliéOpter airplane. Pescara

, ) ;
now seews toc be working on a machine of this_type, termed o
"helilcoplane." A somewhat skctchy description of this desigﬂ
is ’LVD, ileble:

This machine has upper and lower wings revolving in Oppo-
site directions. They arc connected through gearing and
clutches to a 300 HP. engine situated immediately back of the
wings of the fuselage. This engine is olso connected through
a clutch through o pusher propeller rounted a the renr ond
of the fuselage. he pilot eits immediately forward of the
wings. The radiator is located in the front end of the fuse-
lage. The mechine will weigh 3850 kg crpty, ond 1250 kg fully
loaded. Surfocce loading will be approximately 80 kg per sg.n.
The main vertical drive shaft to the helicoplanes proper termi;
nates in the landing-geer fork support, and the vertical drive-
shaft housging alone forms the moin support for the plenes
PTroper. Small counterbalancing a2ilerons 2re fitted 2t thc ex—
tremities of the helicoplancs. Elbvator; stabllizer, and rudder
are mounted in conventional fashion. The tail skid is really
an extra strut to the landing ccor proper 3o kcop the proveller

away from ground interference. In order to glide to earth in
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case thc engine stops, Pescars claims that by varying the pitch
of these helicoplanes and allowing them to be free to move,
they will revolve in opposite cirections while gliding without

power and thus increase the gliding distance appreciably.

De Bothezat Helicopter.* This intéresting machine is il-
lustrated in Fig. 11. It was first flown on October 19, 1923.
On April 17, 1923, with Colonel Thurman H. Bane as pilot, a
four-man flight was made, with three men bhanging on to the
machine. Betwecen these two dates the helicopter has made ovoer
50 flights - no descent with engine cut becing attempted, how-
ever.

The D¢ Bothozat helicopter, as illustrated in Fig. 11, is
provided with four 1ifting scrcws, each of 26% ft. diamcter,
four-bladed, with wide blades (5 ft. towardé the tip), giving a
total blade area of 300 sg.ft. Although cach blade scrow was
designed for a 1ift of 1000 1b., dynamometer tests were con-
ducted up to a thrust of 1500 1b.

The weight cmpty is 3400 1lb., and a uscful weight of 1C0O
1b. hes bren carried. The weight cupty exceoded original csti-
mates considerably, o8 all new types of aircraft arc bound to
do. When the hclicopter is in opcration, two-thirds of its
weilght is rotating and about one-third only is stationary. The
overall length is 6% ft.; =idth, ©5 f£t.; height, 10 ft.

It hos been equipped with the 3.F. 2 stationary air-cooled

engine developing 200 HP., a 9-cylinder 300 HP. Le Rhone rotory

* Acro Digest, July, 19233; Slip Strecam, April, 19234; Interne-
tional Air Congress, London, 1923.
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engine failing to gilve satisfaction.

A central frame member suppbrts the engine and four out-
wardly extending structural arms, built up of duralumin and
steel tubing. One of these arms contains the pilot's seat and
each supports one of the 1ifting screws at its outer end.

The engine drives a main shaft and four jackshafts, to
each of which is connected a turret driven through ring and
center gearing. Thae engine‘also drives two 4-bladed propellers,
of the reversible-pitch type, one-being rotated at each side
of the pilot and facing forward so as to glve a forward thrust.

Unofficial reports indicate that the De Botlezat helicop-
ter was‘moderately satisfactory in control and stability. In
the four-man flight mentioned above, a man was hanging on at
the extreme end of the rear arm with his weight totally unbél—
anced.

We have discussed in the previous section the utility of
the dihedral prinoiple. This principle wes undoubtedly used
successfully here; with the planes of rotation of the laterally
and longitudinally disvosed alrscrew at a dihedral angle to
5ne another.

The control secured was apparently complete by making all
the 1lifting propellers variavle and reversible in pitch, and
by using the two smell variable-pitch directional propellers,
with axcs horizontal, placed on either side of the fuselage.

In order to reverse the pitch of the blades of the main
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liftin~ scrows o hollow shaft is fixed to the frame, and the
end oxtents upward to a floating bearing which acts as a hub
for & nollow sheft. A roversing and adjusting slceve and le-
vers arc alepted to ve operated vertioally'by novement of the
shaft mounted —ithin the adjusting sleeve in orcder to adjust
“the bladc engle. The shaft is vertically operated by means
of spiral tareads and a spiral-threaded member, the threcads
beine overcted by a’sprocket to set the pitch of all the pro-
pelloré’ newders simultaneously in the same direction, and. the
threaded member which is operated by a lever for lateral sta-
bility by relative variationiof the blades of the opposite:
lifting screws.

Forward motion was apparently secured by tipoing the heli-
copter forward. With the variable pitch of the four airscrews,
lateral as well as longitudinal control was sccured. The pos-—
sibility of tippiﬁg the helicopter in any sense permits its
displacement being cffected in any direction.

Wnile no attempts were made to land the helicopter with.its
engine cut, tae design provided for reversing the blades on de-
scent and securing windmill resistance, and also for a reversal

to normal wosition just before reaching the ground.

Danfclanc Heligopter. Thne Damblanc helicopter, while never

°

flown, is 2n intereeting design. The machine is shown in out-

line in Fig. 12, from which 1% is secen that the construction

was comparatively simple.
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wo 1ifting airscrcws were used, driven by cables from two
Le Rhone 110 EP. engines. The drive was so arrvanged that ci-

“ -

thzr or both of the two engines could operzte both lifting
airegcrews, &n avtomatic clutch and an clastic shock absorbder
waooo embodied. in the transmission.

Control wes securcd by a mechenism for warping the bladces

]

-

built very much like airplanc wings), a horizontal

(vaish vers

gtesilizer, and a vertical rudder. TForward speed was to be

o

)
3| ¥

securcd by inclining the airscrews. Apparently for descent the
blaces were to be put in negative pitch.
Th

'he meln characteristics were as follows!

Soan 49 f%.
Overall 1ength 30.3 f%.
Total area of rotating wings 430.0 sq.ft.
Width of fucselage 3.55 L.
Area of horizdnta stabilizing planes (3) 86.00 sq.f%t.
Area of rTudder 15.75 "

" R.P.IU. of blades 150
Total gross weight 2640 1b.
Power of engines 110 at 1300 R.P.M.
Useful weight Pilot and gasoline for

half an hour's flight.

In his paper before the Royal Aeronautical Society*, Dam-

blanc gives gome very interesting figures, based on experience

* Tae Problem of the Helicopter, L. Damblanc, Aeronautical
‘Journal, Jemuary, 1921.
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and calculation for the weight of his type of airscreﬁ - built
in Qery similar fashion to that éf an airplane wing. With a
factor of safety of 7, he found %hat the optimum diameter of a
lifting propeller was about 2323.8 feet, “and that the Weight of
the propeller per square foot of surface was 1.43 1b.

Damblanc éstimated the horizontal speed at 52 M.P.H., and
the initial climb at 10 ff. per sec. His machine was wrecked on

ground trials, and no further experiments were conducted.

Oechmichen Hellicopter.-* This ig a very curious machine.

While it has completed for the first time in helicopter history,
a circular kilometer, has made 450 flights, some at a height of
35 feet, and is perfectly maneuverable and stable, it does not
seem possible that so much complexity will persist in the con-
struction of the helicopter. The machine is illustrated in
Figs. 13 and 14.

The helicopter's main structure is in the form of a large
cross with unequal arms. The longer axis is the longitudinal
one and defines the direction of forward flight. At the four
terminals of the arms of the cross are placed the lifting pro-
pellefs. The longitudinal pair of lifting propellers are 35 ft,
in diameter and the lateral pair 31 ft. in diameter, all turning
at 145 R.P.M. and driven by a system of tubular shafting from a
Le Rhone 9-cylinder engine of 130 HP. The engine is placed at
the center of the cress, and on the engine shaft is placed a

- gyroscope (apparently nothing but a flywheel), which has a

*Les Alles," February 1, 19233, and "Aviation," August 18, 1933.
/
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naximun Deripheral veolocity of 435 f4. por sec. This rotating

v

wd
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88 is s8aid to insurce stability in celm air, and to damp out

}..J-

Q

n

cillatlons in rough air. Two vpropulsive pronellers, of fixed
pitch, arc belt-driven and placed as shown in Fig. 14. . Thacsc
are of 4.6 . cdiamecter and placed avbout half-way out on the
frames which suoport the 1ifting propellers. To countcroct the
torgue of the engine and the gyroscope, a propelier with its
oXxls horizontal and athwartship is placed far forward. In ad-
Gition, five ocuxiliary vrovellers, "evoluesurs" as Ochmichen
terms toen, are used. These are variable-pitch propellers of
4.75 £1. dilameter, driven from the shafts of the main lifting
propallers. It isg quite evident that the control about every
ully provided for. The landing gear conelsts of a
peculiar system of six footballs at the eand of shock~absorbing
qnd nivoted struts. A double skid has been recently introduced
into the ferward part of the machine. The gross weight of the
nacaine 1s a2bout 22300 1b., with a load of 8.6 1b. per sq.ft.

of vlale urea.

La Clerva's Autogiro.* La Clerva's autogiro is a most cur-
ious uzchine, neither a helicoptcr nor an airplane, but with a
windmill operating in a lateral wind providing sustentation.

The principles of operation of the windmill have alrcady Tocn

3

described. The machine is illustrated in Fig. 15. The Auto-
giro weighs about 880 1b. empty, and 1100 1b. loaded. With an

80 HP. cngine the saximum speed is 55 L. P.H.; the wminimum specd
* Aviation, April 9, 19233,
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ig 33 4.P.7. The rotational epeed of the lifting vane i1s b ut
147 2.P.0. The diemeter of the vane 1s 286.3 ft. The vertical\
componsnt of velocity on a steep zlide is said to be surnris-
ingly low. The dutogiro certainly deserves careful consicura-
tion.

Conclusion

Wnile predictions in matters regarding the helicopter are
resh, it is e~fc to say that three lines of development are
definitely cnent (1) The combined helicopter-airplane; (2)

the multivle-enzined nclicopter; and (3) the helicopter with

By

cliding ability by virtue of windmill action of the reversed-
pitch cirscrews.

The combined heliCOpter—airplane, of whicn the Barlinaer
ieg such an excellent example, is & thoroughly »nractical propo-

sition. J3ince descent with engine dead is tgkon cere of by

s

virplane wings, comparatively small alrscrews need be provicac.
= b . b

o

This ncans seneral compactness of design, high volues of V/nD,
and ultimately good efficiency in forward flight. Also, since
descent 1s taken care of by gliding vnlanes, the wmain lifting
screws GO not need variable pitch, and the mechanism is recuced
to a simple speed-reduction and powet—transmission problen.
Mechanical gimplicity is thus assured. This type of craft is
not so likely tc be very efficient in vertical climb, sincs 1t
will heve a very large Wing surface resisting'ﬁpward motion.

The climb of a helicopter—dirplane will be more analogous to
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that of an ordinary airplane. On the glide, it is not to be
hoped for that this type will be as efficlent as an ordinary
airplene. In hovering; more power is likely to be required

than in the helicopter proper. The combined helicopter—airplane,
while the most readily realized, mav be sald to depart from

the idenl conception of a helicopter, which can rise vertically
with gosc ond descend with engine cut out, either vertically

or on o very stecp path. It may be a very valuable compromise
between the airplane ond the helicopter proper.

The multiple-engincd helicopter has never been seriously
attacked. Damblanc's "Alerion," with its two engines, each
capable of driving the two sustaining ailrscrcws, 1s the ncorest
approach to such a type. A machine is concelvable with, say,
six smoll independent power units. On descent, reliance could
then bc placed entirely on the power plant. The alrscrews could
thercforc be of the small dimencions nesdcd for Qompaotness and
efficlency in forward flight. Varicble pitch for the main 1ift-
ing screws could be climinated. The multiple power plant hos
difficulties and complications of its own, but the type is well
worth considering. It should give wus the closest apperoach to
the 1deal helicopter, and possibility of good speed as well as
climb., The aerodynamic problems would be soﬁewhaﬁ ninimized.

he third type is the one which has received most atten-
tion hitherto, cnd such designs as thoge of De BotheZat and
Damblanc show that it is practically realiéable. It ghould be

possible with this type t0 secure control, stability, excellent
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vertical climb, hovéring flight, modercte forward speed, and,
provided sultable windmill action can be secured, 2 stecp,

safe cdescent with engine out of commission. It will ve more
complex thin the first two types, with variable—pitch prdpel—
lers as an absolute necessity. It will approximaté to tuc
ideal helicopter more closely than the combined helicopter-
airplane, less closely than the multiple-engined type. Besides
its inevitablevcomplexity, it is never likely to achieve zreot
forward speed, and its load~carrying capvacitics are likely so
orove disaonointing. In spite of these difficulties, it way
be developed because it docs not involve the disadvantagcs of
multinle cnvines and because 1t does approximate to the idesl
helicoontcr. Some plausiblce calculations by the author indicate

that ~ito o 200 HP. cngine a helicopteor of this tvpe could boe

ol

=

built to weigh about 3020 1b. carrying o man and & couplc of
hours! fucl load, be equipped with two main 1ifting airscrovs
of 30 ft. cicmeter each, climb vertically at 500-600 ft. ver
ain, , have a forward speced of 80 WL.P.H., and glide down scfely
Wi ovgine Cead on a path of 30 deg. to the horizontal at an
cnzle of incidence of 30 deg. so that craft would maintain a
horizontal pnosition on the glide, and come to rest very quickly
after touching the ground.

There 1s no doubt that any of the three tvpes discussed
above cen be realized in practical form, and that the general

‘characteristics of the helicopter are already well understood.
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Given more fundamental work in the wind tunnel and financial
support, aeronautical engineers will readily produce a workman-
like craft.

It is also suggested that aerodynamic research be conducted
before fhe construction of full-sized machines is undertaken.
Langley and the Wrights undertook such investigation before
building their flying machines. Surely the wind tunnel should
now be called upon for investigating stability, windmill action
in gliding descent, conversion ¢f a 1lifting alrscrew into o
windmill, and efficlency of the lifting airscrew in forward
flight.

The helicopter is not likely to equal the airplane in speed
or in carrying capacity. Owing to the large airscrew diameters
required, it is not 1likely to be g0 compact or maneuverable.
With engine cdead, however, 1t should be able to land in worse
and morc restricted terrain, and that is an importaat point
from tae safety aspect. But the airplane has only one mechan-
ical coantrivance of any complexity! taz engine. The helicopter
with multiple-engine power plant will have reduction gearing
(10 to 1, or thereabouts) to contend with, and a complicated
system of control. The single-engined helicopter will have to
include a variable-pitch mechanism in addition. The airplane
engineer builds a structure which glides through the air, but
with its parts statipﬂary relative to oné another. In the

helicopter weight limitations and the flexibility of a light,
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huge ¢evice will make all the wechanical oroblems of transmis-
sion, ctc., particularly difficult, and such difficultics mili-
tate against safety.

The future of the helicopter, unless it undergocs rodical
developncnt, thercefore lies not in competition with the air-
plane, but in its ability to perform certain functions which

the airplane cannot undertake.

jug

cforc the complete development of a new mechanism of trans-
portation, it is impossible to predict all the uses to which
it moy oo put. It is c¢oubtful whether the Wrights foresaw the
application of the airplane to fighting the boll weevil, or
making cir surveys for layving down power-transmisgion lincs.
By analogy, the helicopter, once it has been developed, may be
utilized in ways quite unsuspected by us at present. Therc is
no 1aok of plausible suggestions for its utilization. In mili-
tary use for observation purposes, to replace kite balloons or
over arcas where extremely accurate ;nformation ig required;
for sccuring communication between army units which cannot main-
tain «irplenc contact owing to topography; for accurate bombing
of either land or sea objectives; for use in connection with
naval vessels not supported by aircraft carriers. Enthusicstic
supporters of the helicopter go so far as to sce it laxiing on
roofs, bringing rapid communication to the very heart of citics
and helping to relieve traffic congestion - although airplanes
with lending platforms may more readily achieve this.

At any rate, the helicopter is within measurable distance

of achievement, and is worthy of serious consideration.
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Fig.l Diagram to illustrate the Froude momentum
theory, as applied to a 1lifting airscrew.
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Fig.2 Lift in pounds plotted against diameter for
Durand propeller No.44 with constant 100 HP.
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Diggram to illustrate the Froude momentum
theory as applied to an airbrake.
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Fig.4 Action of blade element of a normal alrscrew
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rotation; power supplied.
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Fig.5 Ac¢tion of blade element
of a windmill brake on vertical
descent,

La Clerva's autogiro.
(The wings are fixed to a
pliece b, by mezans of hinges
e, so thaot. they are free to
move as shown in the
diagram., The picce b turns
freely about the axis f£.

S are clastic shock absorb-
ers limiting the downward
motion of the wings.)
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(a) Blade element moving L
away from the wind. Resul-
tant force R tends to
maintain rotation. (a)

é ‘ _3nm rn Plane of

Resultant win rotation

velocity

(v) Blade element moving into the
wind. Resultant force R
may oppose rotation, be
neutral, or even help

rotation.
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Fig.7 Diagrams to illustrate the action of blade
elements of a windmill in side wind.
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Figs.10,11,13;15 & 18

P T T

Fig.15 La Cierva's Autogiro

'Fig.l6 Karman Helicopter without turrent.
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Assembly and
elevation of
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Fig.17

Diazramatic drawing of the Karman
captive helicopter with three
rotary engines.



